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ABSTRACT 
 
 
 
          Composite shafts have been showing promising results when applied to rotating 
machines due to its low weight/strength ratio and good fatigue resistance. Despite the 
advantages in comparison to more traditional materials, composites present different types of 
damage that are difficult to detect. Therefore, it is necessary to use monitoring techniques to 
detect incipient damages and prevent failure. So, this work evaluates the structural health 
monitoring method based on electromechanical impedance (ISHM) applied in a rotating 
machine with a composite shaft. This methodology uses the piezoelectric transducers 
bonded to the host structure as sensor and actuator to detect damage by monitoring 
changes in its electric impedance. Usually, the evaluation of the impedance responses is 
performed by applying damage metrics, which allows the quantification of the influence of 
damage. This is possible since the sensor’s electrical impedance is directly related to the 
mechanical impedance of the structure. For this investigation, two sensors (each one with 
four piezoelectric patches connected in parallel) were attached to the composite shaft. To 
simulate the damage condition, a nut was attached in different positions on the shaft. Also, in 
order to increase the robustness of the ISHM technique, the effects of the rotation speed of 
the rotor and temperature variation were evaluated. Additionally, a data normalization based 
on a hybrid optimization method associated with a given damage metric is used to minimize 
these influences. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords: structural health monitoring, rotating machine, electromechanical impedance 
method, composite shaft. 
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RESUMO 
 
 
 
          Eixos fabricados de materiais compósitos têm mostrado resultados promissores 
quando aplicados a máquinas rotativas devido à sua baixa razão peso/resistência e sua boa 
resistência à fadiga. Apesar dessas vantagens em comparação a materiais mais 
tradicionais, compósitos apresentam diferentes tipos de dano que são difíceis de detectar. 
Portanto, é necessário utilizar técnicas de monitoramento para detectar danos incipientes e 
prevenir a falha. Então, este trabalho avalia a aplicação da técnica de monitoramento de 
integridade estrutural baseada em impedância eletromecânica (ISHM) em uma máquina 
rotativa com eixo de material compósito. Essa metodologia utiliza um transdutor piezelétrico 
acoplado à estrutura como sensor e atuador para detectar dano a partir do monitoramento 
de mudanças em sua impedância elétrica. Normalmente, a avaliação das respostas de 
impedância é feita pela aplicação de métricas do dano, as quais permitem a quantificação 
de influência de dano. Isso é possível, pois a impedância elétrica é diretamente relacionada 
à impedância mecânica da estrutura. Para realizar essa investigação, dois sensores (cada 
um com quatro pastilhas piezelétricas conectadas em paralelo) foram acoplados ao eixo de 
compósito. Para simular a condição de dano, uma porca foi acoplada com adesivo ao eixo 
em diferentes posições. Além disso, para aumentar a robustez da técnica de ISHM, os 
efeitos da velocidade de rotação e da variação de temperatura foram analisados, utilizando 
uma normalização de dados baseada em um método de otimização híbrida associada à 
métrica do dano para minimizar essas influências.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Palavras-chave: monitoramento da integridade estrutural, máquina rotativa, impedância 
eletromecânica, eixo de material compósito. 
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S             Mechanical strain tensor 
T             Mechanical stress tensor 
D             Electric displacement 
E             Electric Field 
s             Elastic compliance 
d             Piezomagnetic constants tensor 
ε             Dielectric permittivity tensor 
M            Mass 
C            Damping Factor 
K            Stiffness 
ω            Angular frequency 
Vi            Excitation voltage  
I0            Output current 
Zm           Mechanical impedance 
F             Force applied 
 ̇             Speed 
Ze            Electrical impedance 
Y             Admittance 
Za            Mechanical impedance of the PZT actuator 
Zs            Mechanical impedance of the structure 
R             Real part of the electromechanical admittance 
X             Imaginary part of the electromechanical admittance 
j               Imaginary unit 
ba             Width of piezoelectric transducer 
la              Length of piezoelectric transducer 
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ha             Thickness of piezoelectric transducer 
ε  
T            Dielectric constant at zero stress 
δ              Dielectric loss tangent to the piezoelectric transducer 
d  
            Piezoelectric coupling constant at zero electric field; 
 ̂  
            Complex  oung’s modulus of the PZT patch with zero electric field. 
Z1,i             Impedance function measured for the healthy structure 
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n              number of frequencies in the observation band 
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1. INTRODUCTION  
 
          Over the past decades, composite materials have been replacing traditional materials 
due to characteristics such as high strength-to-weight ratio, high specific stiffness and long 
fatigue life (ALWAN et al., 2010). This type of material offers the possibility of obtaining a 
desired characteristic by changing: the material used, the number of layers and orientation of 
each layer (MENDONÇA; MEDEIROS; PEREIRA, 2017). In rotating machinery, the 
composite materials are replacing metal in automotive drive shafts, helicopter rotors and 
aircrafts actuation systems (SINO et al., 2008 and CAVALINI Jr. et al., 2017).  
          Despite the advantages of this material, composite materials have more complex 
damage mechanisms than traditional materials, which makes the damage difficult to detect in 
early stages and could even lead to failure (WILSON et al., 2018). Therefore, it is essential to 
develop and improve structural health monitoring (SHM) techniques that enable online 
damage detection and assessment. One SHM technique that has been widely studied and 
shows promising results is the electromechanical impedance method, initially proposed by 
Liang; Sun; Rogers (1994). This method uses the direct and inverse effect of the 
piezoelectric materials, in the direct effect (sensor), an electric charge is produced when the 
piezoelectric transducer is mechanically strained and in the inverse effect (actuator), a 
piezoelectric patch deforms when an electrical potential is applied. The ISHM technique 
measures the electric impedance of a piezoelectric transducer bonded on/into the host 
structure, and this signature is directly related to the dynamic response of the structure, 
therefore, when damage occurs, the electrical signal measured by impedance sensors will 
change. A particular damage metric is usually used to quantify the severity of the failure by 
means of statistical equations that represent the changes between a baseline (pristine) 
condition and another test measurement (PARK; INMAN, 2005).  
          Several studies show that the ISHM method can be successfully applied to composite 
structures. Tsuruta (2008) evaluates the method to detect damages with low-energy impact 
on CFRP plates. Schwankl et al. (2012) developed a finite element model and experimental 
for an aluminum disc with the SHM technique, then applied this experimental methodology 
on a composite stiffened panel. Na; Lee (2012) developed a technique to eliminate the trial 
and error method to determine the frequency band to detect damages on a glass-epoxy 
composite plate with large surface areas. Selva et al. (2013) used artificial neural networks to 
predict the in-plane localization of damage detected using the ISHM method for aeronautical 
composite plates. Wandowski; Malinowski; Ostachowicz (2016) studied using the ISHM 
technique to detect delamination in large plates of composite materials, furthermore, studied 
the influence of the temperature and used signal-cross-correlation to compensate this 
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influence in the impedance signatures as the temperature effects are known to cause a 
frequency (horizontal) and amplitude (vertical) shift in the impedance signatures. The 
compensation technique improved the sensitivity of the method to damage, but it can only be 
done in small frequency ranges since the frequency shift is frequency-dependent (PARK et 
al., 2015). 
          Concerning ISHM methods applied on rotating machines, few studies have been 
founded. Cavalini Jr et al. (2014) evaluated the application of impedance technique in 
rotating systems, acquiring the impedance signal with the rotor both at rest and in movement 
for detection of incipient damages in rotating shafts. In this study, the PZT patches were 
mounted on the shaft and on one of the discs of the rotor. Tsuruta et al. (2017) applied a 
hybrid optimization technique to minimize external influences such as temperature and 
dynamic loads in the use of ISHM on a metal shaft, stablishing a threshold based on the 
Statistical Process Control method to estimate the performance of each sensor. So, the 
object of this work is to analyze the use of the ISHM method to detect incipient damage in a 
carbon fiber reinforced polymer hollow shaft, considering different rotating speeds and 
different positions of the damage. 
  
9 
 
2.  THE ELECTROMECHANICAL IMPEDANCE METHOD 
 
          The ISHM technique uses piezoelectric transducers coupled to the host structure, 
using their sensor and actuator properties to detect damage, monitoring changes on the 
stiffness, damping, and mass of the structure, as based on the electromechanical coupling 
property of the intelligent structure. For this aim, an electrical impedance measurement is 
acquired from the piezoelectric transducer, as due to the difficulty of obtaining the 
mechanical impedance of the structure. Considering that the properties of the PZT patch 
(Lead Zirconate Titanate) constant over time, changes in the electrical impedance will be 
directly related to changes in the mechanical impedance, which is affected by the presence 
of damage (PARK et al., 2006). 
          For a piezoelectric material that behaves linearly, the relation between its electrical 
and mechanical variables are expressed by Eq. 2.1 and Eq. 2.2, respectively. (TSURUTA, 
2008). 
 
                        (2.1) 
                        (2.2) 
   
where S is the mechanical strain [m/m]; T is the mechanical stress tensor [N/m2]; D is the 
electric displacement [C/m2], E is the electric field [V/m]; s is the elastic compliance [m²/N]; d 
is the piezomagnetic constants tensor [m/V]; ε is the dielectric permittivity tensor [F/m]; the 
subscripts i, j, k, m are indexes that indicate the components of vectors and tensors and the 
superscripts T and E show that these quantities where measured with a zero voltage and 
constant electric field, respectively.  
          Figure 1 shows a single-degree-of-freedom (DOF) electromechanical model proposed 
by Park et al. (2006) that describes the measurement process. The piezoelectric transducer 
is bonded directly with a high-strength adhesive on the surface of the structure to ensure 
better electromechanical coupling (PEAIRS, 2006). The dynamic properties of the monitored 
structure are represented by a mass (M), a stiffness (K) and a damping factor (C). So, the 
piezoelectric transducer is excited by a sinusoidal voltage source   ( ) with amplitude   and 
angular frequency  . Using the actuator effect, the piezoelectric transducer applies a force 
on the host structure; in response, it returns an induced strain. Through the sensor effect, 
this induced strain generates an output current   ( ) with amplitude   and phase . The 
mechanical impedance   ( ) of the monitored structure is given by the relation between the 
force applied  ( ) to the structure and the speed  ̇( ) developed. Making an analogy with 
an electric circuit, the force and speed correspond to a voltage and output current, 
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respectively, resulting in the electrical impedance Ze(a>). This function is measured using an 
appropriate measurement device (typically, the inverse of the impedance is analyzed, the 
admittance).
Y (m) = Re (m) + jX (&}
Coupled Electromechanical admittance
Mechanical Impedance Electrical Impedance
k(w) 
™ = FF
z . F(m) 
-~xF)
Figure 2.1 - A single DOF Electromechanical Model of the impedance-based structural 
health monitoring method (PARK et al., 2006).
Equation 2.3 shows the frequency-dependent electrical admittance. This is the solution 
of the wave equation for the piezoelectric transducer connected to the structure (PARK et al., 
2006). Based on the system shown in Fig. 2.1, the admittance Y (w) (inverse of impedance) 
of the piezoelectric transducer is a combined function involving the mechanical impedance of 
the PZT actuator Za(w) and the structure Zs(w), according to Eq. 2.3.
Y(U)=R(w)+jX(W)=(êJs d -i5)-Zs (^(M) (2-3>
where R(o)) and X(oY) are the real part and imaginary part of the electromechanical 
admittance, respectively; j is the imaginary unit, o> is the angular frequency; ba, la, ha is the 
width, length and thickness of the piezoelectric transducer; e^is the dielectric constant at 
zero stress, õ is the dielectric loss tangent to the piezoelectric transducer; is the 
piezoelectric coupling constant at zero electric field; P^is the complex Young's modulus of 
the PZT patch with zero electric field.
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          The impedance is a frequency-dependent complex function. To obtain the electrical 
impedance, both the sensor and actuator effects of the piezoelectric transducer are used. 
The sensor effect (or direct effect) is characterized by producing an electric charge when the 
piezoelectric transducer is mechanically deformed in the elastic phase, and the actuator 
effect (or direct effect) appears as a piezoelectric ceramic patch is subjected to a voltage, 
resulting in a mechanical deformation (PEAIRS, 2006). An impedance analysis equipment is 
used to obtain the impedance signal, generating the excitation signal and acquiring the 
response signal in the frequency band chosen. The technique uses a combination of high 
excitation frequencies (above 20 kHz) and low voltages (below 1 V). (TSURUTA, 2008) 
          The frequency band for the ISHM method is usually chosen by a trial and error method 
considering the structure characteristics, according to the work developed by Peairs (2006). 
It has been found that a frequency range with a high mode density exhibits a higher 
sensitivity since it generally covers more structural dynamic information (PEAIRS, 2006). 
          The imaginary part of the admittance is the dominant term, being basically capacitive. 
However, this term is more sensitive to temperature variations than the real part. Therefore, 
the system’s real part is used in most applications ( AJU,  997). According to Peairs (2006), 
the imaginary term can be used to monitor the condition of the PZT patch.  
          The detection and evaluation of the structural integrity are based on the comparison 
between the real part of the impedance signatures acquired from both the healthy and 
damaged (or unknown condition) structure. A visual examination of the signals is not enough 
for evaluation since it gives only a qualitative comparison. Consequently, it is necessary to 
use adequate metrics for defining quantitative criteria. Thus, damage metrics (DM) are 
employed, i.e., scalar parameters are properly defined so that they can numerically represent 
the difference between the two signals (without and with damage).  
          According to Palomino (2008) the most used metric, in this case, is the root mean 
square deviation (RMSD), defined by Eq. 2.4, where Z1,i  and Z2,i  are the impedance 
functions measured for the healthy and damaged structure, respectively, and n is the number 
of frequencies in the observation band. This metric will be used to analyze the results of this 
work. 
 
    D √∑ {[ e(    )- e     )]
n
 
}
n
i  
                                                                                                 (2.4) 
 
          According to Park and Inman (2005), the main advantages of the impedance 
technique in comparison to other methods of structural health monitoring are: 
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 The technique is not based on models, so it is easily applied to complex 
mechanical systems.  
 The sensors are small, non-intrusive and able to monitor inaccessible locations. 
Besides, they have fine features when operating under normal conditions, like 
high linearity, fast response, low weight, high conversion efficiency and long-term 
stability.  
 Due to the use of high frequencies, the method is sensitive to minimal local 
changes.  
 The data is easily interpreted.  
 The technique can be used for online monitoring.  
 The continuous monitoring enables better evaluation of the structural state, which 
can eliminate the need for scheduled inspections. 
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3. OPTIMIZATION PROCEDURE 
 
          Temperature variation effects are known to cause horizontal (frequency) and vertical 
(amplitude) shifts in impedance signatures. A review of temperature variation effects and 
temperature methods can be found in Rabelo (2016). 
          Figure 3.1 shows a flowchart to illustrate the proposed temperature compensation 
methodology. The method starts by obtaining the impedance signatures of the healthy 
analyzed system (Impbaseline; temperature Tbaseline). The impedance signatures of the system 
for an unknown condition (Impunknown; temperature Tunknown ≠ Tbaseline) are also required so that 
the optimizer is responsible for shifting their effective frequency and amplitude. The 
Impunknown signatures are compared with the Impbaseline ones by means of a given objective 
function, i.e., a damage metric. 
          In Fig. 3.1, if the procedure converges to a minimum value of the objective function, 
the effects of temperature variation are compensated through the frequency shift and vertical 
shift design variables. If this is not the case, the optimization procedure continues the search 
with new frequency and amplitude shifts. The optimization process continues iteratively until 
convergence is assured, which can lead to temperature compensation (if the objective 
function is close to zero) or a damage indication associated with temperature compensation. 
          In the present contribution, a hybrid optimization technique is primarily devoted to 
minimizing temperature during the impedance measurement process. Also, this optimization 
process was used to test its effectiveness in reducing the influence of the external excitation 
on the impedance signatures. The following section describes the hybrid optimization 
algorithm. 
 
Figure 3.1 – Proposed noise compensation flowchart. 
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          The proposed temperature compensation technique is based on the solution of a 
typical inverse problem, in which the optimal effective frequency and amplitude shifts are 
determined by minimizing the damage metric associated with two impedance signatures (i.e., 
one of the signatures corresponds to the baseline). Thus, the evolutionary technique known 
as Differential Evolution (DE) (PRICE et al., 2005) is devoted to the global search for the 
optimum (i.e., the effective frequency and amplitude shifts). It is worth mentioning that the DE 
algorithm must be performed n times to avoid local minima. The best result obtained by DE is 
then used as a starting point for the classical direct method Sequential Quadratic 
Programming (SQP) to obtain the local and refined optimal solution. 
          The DE algorithm is an optimization technique that belongs to the family of 
evolutionary computation, which differs from other evolutionary algorithms in the mutation 
and recombination schemes. DE executes its mutation operation by adding a weighted 
difference vector between two individuals to a third one. Then, the mutated individuals will 
perform discrete crossover and greedy selection with the corresponding individuals from the 
last generation to produce the offspring. The key control parameters for DE are the 
population size (NP), the crossover constant (CR), and the associated weight (F).  
          In the work developed by Storn and Price (1995), simple rules are given for choosing 
the key parameters of DE for general applications. Usually, NP should be about 5 to 10 times 
the dimension of the problem (i.e., the number of design variables). As for F, it lies in the 
range between 0.4 and 1.0. Initially, F = 0.5 can be tried, and then F and/or NP can be 
increased if the population converges prematurely. In Price et al. (2005), various mutation 
schemes were proposed for the generation of new candidate solutions by combining the 
vectors that are randomly chosen from the current population. In the applications of this 
paper, the rand / 1 scheme was used. 
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4. STATISTICAL THRESHOLD DETERMINATION 
 
          A reliable SHM system should be able to provide a diagnosis with a pre-configured 
level of confidence based on the pristine conditions of the host structure. In many 
experimental tests, it is recommended that the measured data is cleansed to eliminate 
spurious or degraded signals that might have resulted from acquisitions and processes 
associated with excessive noise, signal dropouts, or even an external cause such as power 
failure (RABELO et al., 2016).  
          The concepts behind Statistical Process Control allow establishing limits in a control 
chart so that a threshold can be determined using the upper control limit. These limits can be 
defined so that 95,45 % or 99,73 % of data from a normally distributed population remains if 
these control limits are established as expressed in Eq. (4.1) and Eq. (4.2). 
x̅  s   for   9        confidence (4.1) 
x̅  s   for   99 7     confidence (4.2) 
where  ̅ is the sample mean, and s is the sample standard deviation (RABELO et al., 2016). 
          In this work, the upper control limit for 95,45% confidence was used as the threshold. It 
should be noted that the choice of threshold influences both the range of detection and the 
probability of a false positive. Also, the sample’s mean and standard deviation are inferences 
of the population’s parameters, since the distribution of the data is not known.  
          The threshold used was established using the baseline, i.e., healthy condition, RMSD 
values for calculating the sample mean and the sample standard deviation. 
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5. METHODOLOGY 
 
          Figure 5.1 shows the test rig used for evaluating the ISHM technique to detect damage 
on a rotating machine with CFRP shaft. This rotor is composed of a flexible composite shaft 
(907 mm length, 18 mm width and 5.2 mm thickness) and two rigid discs (both with 202.7 
mm diameter and 20 mm thickness). The shaft is supported by two roller bearings. The 
system is driven by a direct current (DC) electric motor. A flexible shaft coupling (Rocom 
Corp® model DTOOO175) was used to minimize the interaction between the electric motor 
and the shaft. 
          Figure 5.2 shows a schematic drawing of the rotor with the main dimensions between 
the rotor parts, as well the position of the piezoelectric transducers and damages on the 
composite shaft. Two PZT patches were attached on the shaft, each one is composed by 4 
piezoelectric transducers (10 mm length, 3 mm width, and 1 mm thickness) electrically 
connected in parallel as showed in Figure 5 (a), named PZT#1 (75 mm from the Disc-1) and 
PZT#2 (65 mm to the right of the first disc. The frequency range was determined 
experimentally based on the density of peaks: [80 – 110] kHz for all the PZT patches. 
          A slip ring (Michigan Scientific's S-Series Slip Ring - C556019) was used on the rotor 
under operation in order to measure the electrical signals from the PZT patches (Fig.5 (b)). 
This device can transfer electrical signals from fixed to rotating parts (and vice versa) with 
low noise interference, even for the rotor operating at high speeds. According to the 
manufacturers, the device can transfer electrical signals from accelerometers with the rotor 
running in a range of 0 -12,000 RPM. Figure 5 (c) shows the impedance measurement 
system.  
 
 
Figure 5.1 – Test rig used for evaluating the ISHM technique.  
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Figure 5.2 - Scheme of the test rig used with the main dimensions. 
 
          For the condition that the rotor was stationary, the impedance signatures were 
measured as showed in Table 1, the simulation of damage was made with a 0,45 g steel nut 
(Fig. 5.3(d)) bonded on the shaft in different positions. Also, the impedance signals were 
obtained under operation on three different speeds (600 RPM, 900RPM and 1200 RPM). For 
each condition of the experiment, 30 measurements were acquired, with 3000 points and 
256 averages each. The impedance was measured by an impedance measurement system 
(FINZI NETO et al., 2011).  
 
    
(a) (b) (c) (d) 
 
Figure 5.3 - (a) Piezoelectric transducer; (b) Slip ring attached to the disc-2; (c) Impedance 
measurement system, (d) Nut bonded on the composite shaft to simulate damage. 
 
 
 
 
 
 
PZT#2 
Slip ring x 
z 
y 
Damage 
B1 B2 
75 
Disc -1 Disc -2 
PZT#1 
375 265 
Piezoelectric Transducer 
Damage 1 Damage 9 
75 
65 
Electric  
Motor 
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Table 5.1. Experimental configuration adopted to obtain the rotor impedance signatures 
(Rotor OFF). 
 
PZ
T#
1 
Run Structure condition Damage  
Distance from PZT#1 
(Direction Disc-1) 
Nomenclature /Graphic 
1 Baseline  - - BL 
2 Damage 1 Yes Opposed  D1 
3 Damage 2 Yes 10 mm  D2 
4 Damage 3 Yes 20 mm D3 
5 Damage 4 Yes 30 mm D4 
6 Damage 5 Yes 40 mm  D5 
7 Damage 6 Yes 50 mm D6 
8 Damage 7 Yes 100 mm  D7 
9 Damage 8 Yes 150 mm D8 
PZ
T#
2 
Run Structure condition Damage  
Distance from PZT#2 
(Direction Disc-2) 
Nomenclature /Graphic 
10 Damage 9 Yes Opposed  D9 
11 Damage 10 Yes 10 mm  D10 
12 Damage 11 Yes 20 mm  D11 
13 Damage 12 Yes 30 mm D12 
14 Damage 13 Yes 40 mm D12 
15 Damage 14 Yes 50 mm D14 
16 Damage 15 Yes 100 mm D15 
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6. RESULTS 
 
          The results were divided into two topics. The first shows the influence of different rotor 
speed on the impedance signals. And the last shows some results when the rotor was 
stationary to evaluate the ISHM technique to detect damages. 
 
6.1 . Rotor Speed 
 
          Temperature variation effects are known to cause horizontal (frequency) and vertical 
(amplitude) shifts in the impedance signatures. So, a hybrid minimization algorithm was used 
to compensate the environmental and rotor-operating conditions (temperature and rotating 
speed), the evolutionary optimizer DE was performed five times considering ten individuals in 
the initial population (this is one of the advantages of DE). The RMSD damage metric was 
used as the objective function. The impedance signatures were digitally filtered with a 3rd 
order Savitsky-Golay Finite Impulse Response (FIR) smoothing filter with a frame size of 
200. All the data obtained in this experiment are treated with this procedure described.  
          Figures 6.1 (a) and 6.2(a) illustrates the impedance signatures and damage metric 
under different rotor speed without damage obtained from PZT #1, respectively, before and 
after using the optimization procedure. The room temperature was 27,67°C ±2,56. Figures 6 
(a) and 7(b) shows the impedance signals and damage index after optimization procedure, 
respectively. Analyzing Fig. 7(b) the damage metric increases in function of the rotor speed. 
 
  
(a) (b) 
 
Figure 6.1 – Impedance signatures (Re) – PZT#1: (a) Temperature and rotor operation 
conditions on the signature measured by PZT#1 without damage; (b) Temperature and rotor 
operation conditions with temperature compensation. 
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(a) (b) 
Figure 6.2 - PZT#1: (a) Temperature compensation effect on damage metric; (b) Impedance 
signature with compensation ON.  
 
6.2  Damage Detection 
 
          Figures 6.3 and 6.4 present the damage metric values of the PZT#1 and PZT #2, 
respectively. These damages indexes were obtained from the impedance signals applying 
the compensation procedure. The damage metrics from baseline conditions were used to 
establish the statistical threshold with 95,45 % confidence for damage identification, 
according to Eq. 3. Tables 2 and 3 presents the percentage of damage presence in each 
condition of the PZT #1 and PZT#2, respectively.  This percentage was calculated based on 
the number of RMSD values below the threshold for each run, considering that each one of 
them had a total of 30 impedance measurements in the frequency range. 
          For PZT#1, Tab. 2 shows that damages were detected for nearly all measures. In 
some cases, as in damages 7, 8 and 9, not all values of the metric were above the threshold, 
but yet the percentage of detection was high, being no less than 90%. In cases like that, we 
can consider that the method was able to detect damage. However, PZT#2 was not 
successful in identifying damage in some cases. As seen in Tab. 3, the percentage of 
detection for damages 4, 5, 6 and 7 was very small, or the damage was not detected at all.  
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Figure 6.3. Values of RMSD damage index for PZT#1 with the rotor at rest.  
 
 
Table 6.1. Global damage detection results (PZT#1). 
 
PZ
T#
1 
Run 
Structure 
condition 
Damage  
Distance from 
PZT#1 
(Direction Disc-
1) 
Nomenclature/ 
Graphic 
Damage 
Detection 
[%] 
1 Baseline  - - BL - 
2 Damage 1 Yes Opposed  D1 100 
3 Damage 2 Yes 10 mm  D2 100 
4 Damage 3 Yes 20 mm D3 100 
5 Damage 4 Yes 30 mm D4 100 
6 Damage 5 Yes 40 mm  D5 100 
7 Damage 6 Yes 50 mm D6 100 
8 Damage 7 Yes 100 mm  D7 90 
9 Damage 8 Yes 150 mm D8 90 
10 Damage 9 Yes 300 mm  D9 96,7 
11 Damage 10 Yes 290 mm D10 100 
12 Damage 11 Yes 280 mm D11 100 
13 Damage 12 Yes 270 mm D12 100 
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14 Damage 13 Yes 260 mm D12 100 
15 Damage 14 Yes 250 mm D14 100 
16 Damage 15 Yes 200 mm D15 100 
 
 
 
Figure 6.4. Values of RMSD damage index for PZT#2 with the rotor at rest.  
 
Table 6.2. Global damage detection results (PZT#2). 
 
PZ
T#
2 
Run 
Structure 
condition 
Damage  
Distance from 
PZT#2 
(Direction Disc-
2) 
Nomenclature/ 
Graphic 
Damage 
Detection 
[%] 
10 Damage 9 Yes Opposed  D9 96,7 
11 Damage 10 Yes 10 mm  D10 100 
12 Damage 11 Yes 20 mm  D11 100 
13 Damage 12 Yes 30 mm D12 100 
14 Damage 13 Yes 40 mm D12 100 
15 Damage 14 Yes 50 mm D14 100 
16 Damage 15 Yes 100 mm D15 100 
9 Damage 8 Yes 150 mm D8 100 
8 Damage 7 Yes 200 mm  D7 3,3 
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7 Damage 6 Yes 250 mm D6 3,3 
6 Damage 5 Yes 260 mm D5 0,0 
5 Damage 4 Yes 270 mm  D4 6,7 
4 Damage 3 Yes 280 mm  D3 100 
3 Damage 2 Yes 290 mm D2 100 
2 Damage 1 Yes 300 mm D1 100 
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7. CONCLUSIONS 
 
          The present work analyzed the application of the ISHM method to detect damage in a 
rotating composite hollow shaft. The ability to detect damage with this technique was 
investigated for the rotor was turned off. Also, the influence of different rotor speed was 
evaluated. For the rotor under operation, a hybrid minimization algorithm was applied to 
reduce temperature and rotating effects on the impedance signal.  
          For the rotor turned off, PZT#1 was able to detect damage in all cases, but in some 
cases, the detection was not as effective. As shown in Fig. 6.4, PZT#2 was not able to detect 
damages 4, 5, 6 and 7, since the values of the damage metric were below the threshold. In 
general, the hardest damages to identify were the same for both PZTs, showing that they 
behave similarly. These damages were 7 and 8. In both cases, the damages that were better 
detect were those opposed to the PZTs and the one between then, Damage 9. Both PZTs 
were able to detect damage in a 150 mm radius. The hybrid minimization algorithm was 
successful in minimizing the environmental effects and the influence of the operating rotor, 
as seen in Fig 6.2.  
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